Abstract: Decreased heart rate variability and attenuated heart rate recovery following exercise are associated with an increased risk of mortality in cardiac patients. This study investigated the effects of 12 weeks of moderate-intensity endurance exercise (END) and a novel low-volume high-intensity interval exercise protocol (HIT) on measures of heart rate recovery and heart rate variability in patients with coronary artery disease (CAD). Fourteen males with CAD participated in 12 weeks of END or HIT training, each consisting of 2 supervised exercise sessions per week. END consisted of 30-50 min of continuous cycling at 60% peak power output (PPO). HIT involved ten 1-min intervals at 88% PPO separated by 1-min intervals at 10% PPO. Heart rate recovery at 1 min and 2 min was measured before and after training (pre-and post-training, respectively) using a submaximal exercise bout. Resting time and spectral and nonlinear domain measures of heart rate variability were calculated. Following 12 weeks of END and HIT, there was no change in heart rate recovery at 1 min (END, 40 ± 12 beats·min −1 vs. 37 ± 19 beats·min −1 ; HIT, 31 ± 8 beats·min −1 vs. 35 ± 8 beats·min −1 ; p ≥ 0.05 for pre-vs. post-training) or 2 min (END, 44 ± 18 beats·min −1 vs. 43 ± 19 beats·min −1 ; HIT, 42 ± 10 beats·min −1 vs. 50 ± 6 beats·min −1 ; p ≥ 0.05 for pre-vs. post-training). All heart rate variability indices were unchanged following END and HIT training. In conclusion, neither END nor HIT exercise programs elicited training-induced improvements in cardiac autonomic function in patients with CAD. The absence of improvements with training may be attributed to the optimal medical management and normative pretraining state of our sample.
Introduction
Patients with coronary artery disease (CAD) have a reduced life expectancy compared with individuals free from disease (Roger et al. 2012) . The treatment of CAD involves a myriad of interventions aimed at secondary disease prevention and an improvement in survival rates (Smith et al. 2006) . Heart rate recovery, defined as the change in heart rate following exercise, is an indicator of cardiac autonomic function and demonstrates a strong correlation with mortality risk in healthy (Cole et al. 1999 (Cole et al. , 2000 and CAD (Vivekananthan et al. 2003) populations. Cardiac autonomic function can also be assessed by examining the beat-to-beat changes in a heart rate period using measures of linear and nonlinear heart rate variability (Malik et al. 1996) . As is the case with heart rate recovery, decreased heart rate variability is associated with an increased mortality risk in patients following an acute myocardial infarction (MI) (Kleiger et al. 1987; La Rovere et al. 1998) . Cardiac rehabilitation exercise training interventions, which typically employ moderate-intensity endurance exercise (END), have been shown to increase heart rate recovery after 8 weeks (Hai et al. 2010 ) and 12 weeks (Giallauria et al. 2006a (Giallauria et al. , 2006b Hao et al. 2002; Tsai et al. 2005; Wu et al. 2006) of training, and heart rate variability after 2 weeks (Iellamo et al. 2000) and 12 weeks (Lucini et al. 2002) of training. Interval exercise protocols, which are matched to END for either energy expenditure or exercise duration, have gained considerable attention as an effective exercise prescription for individuals with CAD. Previous investigations examining the effects of isocaloric and (or) isovolumetric interval exercise training in cardiac rehabilitation settings have demonstrated improvements in indices of resting hemodynamics, cardiorespiratory fitness, endothelial function, and left ventricular morphology and function (Moholdt et al. 2012; Munk et al. 2009 Munk et al. , 2010 Rognmo et al. 2004; Warburton et al. 2005; Wisloff et al. 2007 ). In healthy populations, low-volume high-intensity interval exercise (HIT), which involves less time and less work than END, has been shown to improve muscle oxidative capacity (Hood et al. 2011; Little et al. 2010 ) and may be a more practical interval exercise model for clinical populations with CAD. To date, no studies have examined the effectiveness of HIT training in populations with CAD. Therefore, the purpose of this study was to compare the effects of 12 weeks of END and HIT on measures of cardiac autonomic function (heart rate recovery and heart rate variability) in patients with CAD. It was hypothesized that both training programs would increase heart rate recovery and heart rate variability in these patients.
Materials and methods

Participants
Patients with documented CAD were recruited from the Cardiac Health and Rehabilitation Centre at the Hamilton Health Sciences General Site (Ontario, Canada). Inclusion criteria included the presence of CAD, which was defined as the patient having at least 1 of the following: angiographically documented stenosis of ≥50% in at least 1 major coronary artery; a history of MI, percutaneous coronary intervention (PCI), or coronary artery bypass graft (CABG) surgery; a positive exercise stress test determined by a positive nuclear scan; or symptoms of chest discomfort accompanied by ECG changes of >1 mm horizontal or down-sloping ST segment depression. Exclusion criteria included smoking within the previous 3 months, a noncardiac surgical procedure within the previous 2 months, MI or CABG within the previous 2 months, PCI within the previous month, New York Heart Association class II-IV symptoms of heart failure, documented valve stenosis, documented severe chronic obstructive pulmonary disease, symptomatic peripheral arterial disease, unstable angina, uncontrolled hypertension, uncontrolled atrial arrhythmia or ventricular dysrhythmia, diabetes mellitus requiring insulin, or any musculoskeletal abnormality that would have limited exercise participation. Twenty-four males were recruited; however, 1 patient was excluded because of high resting blood pressure (diastolic >100 mm Hg). Therefore, 23 patients were enrolled in the study. Four patients dropped out for medical reasons unrelated to the exercise training, 3 patients had medication changes during the study and therefore were excluded from analysis, and 2 patients had unusable ECG data. Thus, a total of 14 patients were included in the final analysis. All protocols were reviewed and approved by the Hamilton Health Sciences/Faculty of Health Sciences Research Ethics Board and conformed to the Helsinki Declaration on the use of human subjects, and written informed consent was obtained from patients prior to participation.
Study design
Patients attended 2 testing sessions both before (pretraining) and after training (post-training). The first visit took place at the Hamilton Health Sciences General Site and involved a medically supervised cardiorespiratory fitness assessment. The second visit took place at McMaster University and involved assessments of heart rate variability and heart rate recovery. All laboratory testing was performed in a temperature-controlled room (23.0 ± 1.2°C). Within-subject sessions were scheduled at the same time of day to minimize the effects of circadian rhythms (Niemela et al. 1994) . Prior to each testing session, participants were instructed to fast for at least 8 h and to abstain from exercise for 24 h and caffeine and alcohol for 12 h. Medications and vitamins were kept constant throughout the study, except for nitroglycerin, which was withheld on testing days. Height and mass were measured with shoes removed, and body mass index (BMI) was calculated.
Cardiorespiratory fitness assessment
Cardiorespiratory fitness was assessed using a medically supervised graded exercise test to exhaustion on a cycle ergometer (Ergoline, Bitz, Germany). Following a brief warm-up, individuals cycled at a resistance of 100 kilopond-meter (KPM) for 1 min, after which resistance was increased every minute by 100 KPM until they reached exhaustion. Cadence was set at 70 r·min −1 . Heart rate was monitored throughout the test using a 12-lead ECG (MAC 5500, General Electric, Freiburg, Germany), and expired gas was analyzed using a semiautomated metabolic cart (Vmax 229, SensorMedics Corporation, Yorba Linda, Calif., USA). Oxygen consumption was determined at peak (V O 2peak ) and anaerobic threshold (respiratory quotient = 1.0) from breath-by-breath samples averaged over 20 s.
Cardiovascular assessments
Resting measures of heart rate and beat-to-beat brachial artery blood pressures were recorded for a period of 5 min in the supine position following a 10-min rest period using a single-lead (CC5) ECG (model ML 123, ADInstruments Inc., Colorado Springs, Colo., USA) and a noninvasive hemodynamic blood pressure monitor (Nexfin, BMEYE, Amsterdam, the Netherlands). The continuous ECG data were sampled at 2000 Hz and were inspected visually offline to remove all aberrant beats (<1% of each participant's data). Resting heart rate and blood pressure are reported as the means of the 5-min samples.
Heart rate recovery assessments
Heart rate recovery was assessed using a submaximal exercise bout. The exercise intensities for the submaximal exercise bout were based on the peak power output (PPO) achieved during the pretraining graded exercise test. Following a 3-min unloaded warm-up on a cycle ergometer (Excalibur Sport V2.0, Lode BV, Groningen, the Netherlands), participants completed four 3-min stages at increasing intensities of 20%, 40%, 60%, and 80% of pretraining PPO. The same intensities were used for the post-training submaximal exercise bout. Heart rate and blood pressure were monitored throughout the submaximal bout, and ratings of perceived exertion (RPEs) using the Borg 6-20 RPE scale (Borg 1998) were recorded at the end of each exercise stage. The submaximal exercise bout was designed to be distinct from the END and HIT protocols.
Immediately upon exercise cessation, heart rate was recorded continuously for 5 min in the supine position. Exercise heart rates were averaged in 5-s bins. Mean heart rate was calculated as the average heart rate during the entire exercise bout. Peak heart rate was determined as the peak of the 5-s bins. Heart rate recovery at 1 min and 2 min after exercise was determined by subtracting the heart rate at each time point (10-s average) from the peak 5-s exercise heart rate.
Heart rate variability assessments
Linear and nonlinear measures of heart rate variability were calculated from a 5-min epoch using HRV Analysis Software 1.1 for Windows (The Biomedical Signal Analysis Group, Department of Applied Physics, University of Kuopio, Kuopio, Finland). Specifically, we calculated linear time (standard deviations of normal R-R intervals (SDNN), the root mean square of successive R-R interval differences (RMSSD), and the percentage of consecutive normal R-R intervals that differed by more than 50 ms) and spectral domain measures (low-frequency (LF) power (0.04-0.15 Hz), high-frequency (HF) power (0.15-0.4 Hz), and LF/HF ratio), in addition to nonlinear measures of heart rate variability (sample entropy, short-term fractal scaling exponent (␣ 1 ), and correlation dimension). Each of these measures has been described in detail previously (Millar et al. 2010; Malik et al. 1996) .
Exercise training
Patients were stratified into END (n = 7) or HIT (n = 7) based on pretraining brachial artery endothelial function (data not reported). Patients attended 2 supervised exercise sessions per week for 12 weeks, and all sessions involved a standardized warm-up and cool-down consisting of 10-15 min of light aerobic exercise and dynamic upper-body and lower-body stretching. END was based on Canadian Association of Cardiac Rehabilitation exercise guidelines (Stone et al. 2009 ) and began with 30 min of continuous cycling at 60% PPO (range, 55%-65%) for weeks 1-4. Exercise duration was increased to 40 min for weeks 5-8, and then to 50 min for weeks 9-12. HIT involved ten 1-min cycling intervals at 88% PPO (range, 80%-99%) separated by 1-min intervals at 10% PPO . To keep the HIT protocol low volume, intensity rather than duration was increased every month to elicit the heart rate responses achieved during the 88% pretraining PPO. As a result, patients were exercising at 105% ± 12% of pretraining PPO for weeks 5-8, and 107% ± 12% of pretraining PPO for weeks 9-12.
Statistical analyses
Statistical analyses were performed using Statistical Package for Social Science software, version 11.5 (SPSS, Chicago, Ill., USA). Factorial (END vs. HIT) repeated-measures analyses of variance were used to compare pre-and post-training fitness, heart rate recovery, heart rate variability, mean and peak exercise heart rate, blood pressure, and RPE. Group pretraining characteristics were compared using independent Student's t tests. Data are presented as means ± SD, with p ≤ 0.05 considered statistically significant.
Results
Participant characteristics, medical history, medications, and exercise training data are presented in Table 1 . There were no differences in pretraining age, height, mass, or BMI between exercise groups (p ≥ 0.05). On average, patients began the exercise training intervention 140-171 days after their CAD event, with no differences between groups. There were also no differences in the CAD criteria or the medication classifications between END and HIT. HIT training involved less work per exercise session (p ≤ 0.01) and a higher mean average exercise heart rate (p ≤ 0.05) compared with END, but exercise attendance was similar between groups.
Fitness indices from the V O 2peak assessment are presented in Table 2 . There was a significant increase in V O 2peak , oxygen consumption at anaerobic threshold, and PPO (p ≤ 0.001), as well as peak heart rate (p ≤ 0.05) following training, with no differences between exercise groups.
Heart rate recovery values are presented in Fig. 1 . During the post-training assessment, one patient in the HIT group had unusable ECG data at the 2-min postexercise time point; therefore, data are presented for 6 patients only. Heart rate recovery at 1 min and 2 min after exercise was unchanged with training, with no differences between END and HIT. All measures of linear and nonlinear heart rate variability were unchanged following training (Table 3) .
Resting and submaximal exercise hemodynamics and RPEs are reported in Table 4 . Resting heart rate decreased following training, with no differences between groups (p ≤ 0.01). There were no group or training effects for resting brachial blood pressure. Submaximal mean exercise heart rate was decreased following 12 weeks of END and HIT, with no differences between exercise groups (p ≤ 0.01). A training effect for RPE reported during the final submaximal exercise stage was also observed, with no differences between exercise groups (p ≤ 0.01). There were no group differences or training effects observed for the submaximal peak exercise heart rates or blood pressures.
Discussion
The main finding of this study was that there was no change in heart rate recovery or variability following 12 weeks of exercise training with END or novel HIT in patients with CAD, despite Note: Data are presented as means ± SD. END, moderate-intensity endurance exercise; HIT, low-volume high-intensity interval exercise; Pre, pretraining; Post, post-training; V O 2peak , peak oxygen consumption; HR, heart rate; RER, respiratory exchange ratio; V O 2 , oxygen consumption. *, p ≤ 0.001 vs. pretraining; † , p ≤ 0.05 vs. pretraining. significant improvements in fitness levels. Although these findings do not support our hypothesis, they are relevant and worthy of explanation. We observed equivalent improvements in fitness following END and HIT, despite HIT involving less time and less work. Improvements in patient fitness levels are an important outcome for cardiac rehabilitation levels because they are associated with a reduced risk of future morbidity and mortality (Myers et al. 2002) . The lack of change in heart rate recovery and heart rate variability following training may be attributed to the lowerrisk, normative cardiac autonomic function of our patients prior to training, or to the time at which the training was initiated.
As expected, there was a significant improvement in cardiorespiratory fitness following both training programs, equating to a 22% and 21% increase in V O 2peak following END and HIT, respectively. Peak heart rate during the V O 2peak assessment was higher after training (Table 2) , which is consistent with the findings of previous studies (Dimopoulos et al. 2006; Giallauria et al. 2006b; Hai et al. 2010; Wu et al. 2006) . During the submaximal exercise bout, mean exercise heart rates and RPEs were lower following 12 weeks of END and HIT, with no differences in the magnitude of change between exercise groups. Taken together, these findings support an improvement in patient fitness levels with both exercise training programs. Resting heart rate was decreased following training, which has been reported previously following interval (Munk et al. 2009 ) and endurance (Moholdt et al. 2012) exercise training in CAD patients. Resting blood pressure was unchanged following training, which may be attributed to the widespread use of antihypertensive medications by our patients or to the sample size. However, previous endurance (Hao et al. 2002) and interval (Munk et al. 2009 ) exercise training studies in patients with CAD have also reported no change in blood pressure with exercise training.
In the current study, heart rate recovery was measured at 1 min and 2 min after exercise. There is no consensus on the mechanisms mediating heart rate responses at these 2 different time points (Lahiri et al. 2008) . Savin et al. (1982) previously demonstrated the role of sympathetic withdrawal immediately after exercise, whereas Imai et al. (1994) demonstrated the role of vagal reactivation within 30 s of exercise cessation. Both time points show associations with mortality risk; however, heart rate recovery at 2 min has been shown to be a stronger predictor (Shetler et al. 2001) . Additionally, there is no consensus on the clinical cut-off for heart rate recovery. Although a heart rate recovery of <12 beats·min −1 at 1 min after exercise is the most commonly used index (Cole et al. 1999 ), other investigations have demonstrated an increased risk of mortality with values of <25 beats·min −1 (Jouven et al. 2005 ) at 1 min and <22 beats·min −1 (Lahiri et al. 2008 ) and ≤42 beats·min −1 (Cole et al. 2000) at 2 min after exercise. Our pretraining heart rate recovery values at both 1 min and 2 min were above these clinical cut-off values.
Endurance training increases heart rate recovery at 1 min in patients following MI (Giallauria et al. 2006a (Giallauria et al. , 2006b Hai et al. 2010; Hao et al. 2002) , PCI (Hao et al. 2002) Note: Data are presented as means ± SD. END, moderate-intensity endurance exercise; HIT, low-volume high-intensity interval exercise; Pre, pretraining; Post, post-training; SDNN, the standard deviation of normal R-R intervals; RMSSD, root mean square of successive R-R interval difference; pNN50, consecutive normal R-R intervals that differ by more than 50 ms; LF, low frequency; HF, high frequency; nu, normalized units. Note: Data are presented as means ± SD. END, moderate-intensity endurance exercise; HIT, low-volume high-intensity interval exercise; Pre, pretraining; Post, post-training; HR, heart rate; BP, blood pressure; MAP, mean arterial pressure; RPE, rating of perceived exertion. *, p ≤ 0.01 vs. pretraining.
employed by these studies involved 30-60 min of moderateintensity exercise for 12 weeks. The most commonly cited mechanism for training-induced improvements in heart rate recovery is improved parasympathetic modulation (Laing et al. 2011) . However, in each of these successful studies, heart rate recovery at 1 min was low (4-18 beats·min −1 ) prior to training (Giallauria et al. 2006b; Hai et al. 2010; Hao et al. 2002; Tsai et al. 2005 ). We did not observe any change in heart rate recovery responses at 1 min or 2 min, following 12 weeks of END and HIT training in patients with CAD, although both of our training groups demonstrated high pretraining heart rate recovery values (END, 40 beats·min −1 ; and HIT, 31 beats·min −1 ), which are comparable to values reported in healthy individuals (Ardic et al. 2011) . One potential explanation for our normal pretraining values is the time between the cardiac event and the training program. Our patients began their exercise training program 140-171 days (5-6 months) after their CAD event. Previous investigations demonstrating improvements in heart rate recovery with exercise training began their interventions within 7-10 ( Tsai et al. 2005; Wu et al. 2006 ), 10 (Giallauria et al. 2006b ), 70 (Hao et al. 2002) , or 70-100 (Giallauria et al. 2006a ) days of their CAD event. The length of recovery time is important. Bigger et al. (1991) observed a significant reduction in resting heart rate and increases in heart rate variability at 3 months after MI, with no further improvements at 6 and 12 months. In support of this concept, our pretraining average resting heart rate of 55-58 beats·min −1 was markedly lower than the average pretraining resting heart rates reported in previous investigations (mean, 75 beats·min −1 ; range, 66-85 beats·min −1 ) (Dimopoulos et al. 2006; Giallauria et al. 2006b; Hai et al. 2010; Hao et al. 2002; Wu et al. 2006) .
A second explanation, one that is related to the length of recovery, is the duration of medical management, which is typically initiated immediately following a CAD event (Antman et al. 2004) and can influence cardiac autonomic function (Kontopoulos et al. 1997; Niemela et al. 1994; Riahi et al. 2002) . Although previous heart rate recovery investigations have included patients on the same medications as our sample (Giallauria et al. 2006a (Giallauria et al. , 2006b Hai et al. 2010; Wu et al. 2006) , patients were examined closer to the date of their CAD event, which may have presented issues of medication dose and uptake. Therefore, our higher than previously reported pretraining heart rate recovery values, attributable to a lower resting heart rate, may be the result of our longer period of recovery and medical management prior to initiating the training intervention. The absence of an increase in heart rate recovery following 12 weeks of END and HIT may be due not to an insufficient training stimulus, but rather to the time at which training was initiated. In support of this concept, heart rate recovery has also been reported to be unchanged following endurance and isocaloric interval exercise training in CAD patients with comparable resting heart rate values (58-60 beats·min −1 ) and higher than average pretraining heart rate recovery values (31-32 beats·min −1 at 1 min) (Moholdt et al. 2012) . This hypothesis warrants further study.
Interval training, initiated 11 days after PCI, has been shown to alter the autonomic nervous system, causing a shift toward increased parasympathetic activity and decreased sympathetic activation (Munk et al. 2010) . In contrast, we did not observe any changes in linear or nonlinear measures of heart rate variability following 12 weeks of exercise training. Conceptually, it is important to distinguish between the information obtained from resting indices of heart rate variability and postexercise heart rate recovery. Heart rate variability represents tonic inputs from the autonomic nervous system, whereas heart rate recovery examines the reflex responses to the cessation of a cardiovascular stress. Both measures contribute complementary but not equivalent information about cardiac autonomic modulation. Similar to our heart rate recovery results, many of the pretraining heart rate variability measures, such as RMSSD and LF/HF ratio, may be considered normative (Malik et al. 1996; Tsuji et al. 1996) , whereas others may be influenced by current antihypertensive medications (i.e., SDNN) (Kontopoulos et al. 1997; Niemela et al. 1994; Riahi et al. 2002) . These data further support the concept that our patients demonstrated a normative pretraining state, compared with those of previous investigations, and therefore may have been less likely to experience improvements with exercise training.
Despite the neutral effects on cardiac autonomic modulation, there is still merit to our study design. First, we measured heart rate recovery at both 1 min and 2 min after exercise, which is in contrast to previous investigations that measured heart rate recovery at 1 min only (Giallauria et al. 2006a (Giallauria et al. , 2006b Hai et al. 2010; Hao et al. 2002; Tsai et al. 2005; Wu et al. 2006) . Based on evidence that heart rate recovery at 2 min is a stronger predictor of mortality (Shetler et al. 2001) , future investigations should consider including this time point. Second, our study design employed a submaximal exercise bout, in contrast to previous investigations, which used a maximal exercise bout (Giallauria et al. 2006a (Giallauria et al. , 2006b Hai et al. 2010; Hao et al. 2002; Tsai et al. 2005; Wu et al. 2006) . The use of submaximal exercise in the determination of heart rate recovery has been validated (Cole et al. 2000) and therefore supports our study design. It is worth noting that the average changes in heart rate from resting to peak submaximal exercise were 60 and 67 beats·min −1 for END and HIT, respectively, which are higher than the average change reported in studies using maximal exercise (average, 53 beats·min −1 ; range, 37-71 beats·min −1 ) (Dimopoulos et al. 2006; Giallauria et al. 2006b; Hai et al. 2010; Hao et al. 2002; Wu et al. 2006) . Therefore, despite using a submaximal exercise stimulus, we were still capable of eliciting a heart rate response comparable to those of studies using maximal exercise.
The study had several limitations. We attempted to recruit both men and women with CAD; however, we were able to recruit only men. Comparable increases in heart rate recovery have been reported in males and females following endurance exercise training (Kligfield et al. 2003 ). However, it is possible that interval training may have an alternative effect on women with CAD, and this is worthy of examination. Second, our small sample size is the main limitation of the current study. We had to exclude several participants because of medication changes and poor data quality, and we experienced 4 dropouts during the training intervention; therefore, our sample was smaller than desired. Independent Student's t tests revealed no differences between groups in any of the pretraining variables presented. Although our analyses permitted us to identify some training effects, the absence of additional training effects and group effects may be attributed to the sample size. The individual results presented in Fig. 1 highlight a trend for increased heart rate recovery responses following exercise training in the HIT group. Thus, it is possible that a larger sample could have altered the results. Third, the majority of patients were on medication for the treatment of CAD and comorbidities. Although we controlled for medications during the study by excluding any patients who had medication changes and by ensuring that the timing of medications was kept consistent on testing days, we cannot rule out the possible effects of recent medication changes prior to study enrollment.
Conclusion
In contrast to previous investigations in populations with CAD, we did not observe increases in heart rate recovery or heart rate variability following 12 weeks of END and HIT exercise training. Training-induced increases in V O 2peak and decreases in submaximal mean exercise heart rates and RPEs were observed with only 2 exercise sessions per week, which suggests that the exercise protocols were of sufficient intensity and duration to elicit improvements in patient fitness levels. On average, training was initiated 5-6 months after the CAD event, which was delayed compared with previous investigations. Pretraining heart rate recovery values and heart rate variability values appeared normative. Therefore, the lack of improvement in cardiac autonomic function with exercise training is likely not the result of an insufficient training stimulus, but rather may be attributed to the time at which training was initiated and to the normative pretraining state of our patient sample. The effects of recovery time on heart rate recovery and variability adaptations following exercise training warrant future investigation and may have important clinical implications for cardiac rehabilitation.
